The p-wave double-frequency (DF) microseisms generated by super typhoon Lupit (14-26 October 2009) over the western Pacific Ocean were detected by an on-land seismological array deployed in Northeastern China. We applied a frequency-domain beamforming method to investigate their source regions. Comparing with the best-track data and satellite observations, the located source regions of the p-wave DF microseisms, which corresponded to the strongest ocean wave-wave interactions, were found to be comparable to the typhoon centers in the microseismic frequency band of~0.18-0.21 Hz. The p-wave DF microseisms were probably excited by the nonlinear interaction of ocean waves generated by the typhoon at different times, in good agreement with the Longuet-Higgins theory for the generation of DF microseisms. The localization deviation, which was~120 km for typhoon Lupit in this study, might depend on the speed and direction of typhoon movement, the geometry of the seismological array, and the heterogeneity of the solid Earth structure. The p-wave DF microseisms generated in coastal source regions were also observed in the beamformer outputs, but with relatively lower dominant frequency band of~0.14-0.16 Hz. These observations show that the p-wave DF microseisms generated near typhoon centers could be used as a seismic remote sensing proxy to locate and track typhoons over the oceans from under water in a near-real-time and continuous manner.
Introduction
Typhoons usually induce tremendous damage to society, but are still difficult to monitor in real time because of the lack of in situ observations under such extreme weather conditions during the typhoon's passage. Typhoons are normally observed by satellites from space, focusing mainly on the phenomena above the sea surface. A new way of ocean storm monitoring based on acoustic and seismic records of the typhoon-generated noise has emerged recently [1] [2] [3] [4] [5] [6] [7] [8] , which could estimate the wind speed of typhoons or remotely sense typhoon movement from underneath the typhoon or even from the solid Earth beneath the water. This interdisciplinary approach, spanning ocean acoustics, marine geophysics and physical oceanography, focuses on the generation and propagation of the acoustic and seismic waves generated by typhoons. It is expected to provide an effective complement microseisms could be considered as a good proxy for future monitoring and tracking of major storms over the oceans.
This approach of seismic/acoustic remote sensing of ocean storms could be nearly real-time. Ocean waves induced by typhoons propagate in deep water at velocities c ≈ gλ/2π, where g is the gravitational acceleration at the Earth's surface and λ is the wavelength determined by the Airy linear wave theory approximation as λ = gT 2 /2π, where T is the wave period. For example, the velocity c and wavelength λ of 10 s waves are about 16 m/s and 160 m, respectively. While seismic waves propagate in solid Earth at much greater velocities (~3.5 km/s for Rayleigh waves and~6.5-11 km/s for p waves). Therefore, seismometers are expected to sense the microseisms nearly at the time of their generation, and reflect immediately the progress of a typhoon and the corresponding ocean wave field [13] . Furthermore, because of the continuity of the seismometer records, the results of this remote sensing approach could also be continuous in time domain.
In this paper, we investigated the p-wave DF microseisms generated by super typhoon Lupit (2009) over the western Pacific Ocean using frequency-domain beamforming of on-land seismological array data recorded in Northeastern (NE) China (Figure 1 ). The results indicate that the p-wave DF microseisms generated by nonlinear interactions of ocean waves under typhoons over the deep ocean could be observed by on-land seismometers, which were deployed thousands of kilometers distant from the track line of the typhoon. The source areas of the p-wave DF microseisms mainly in~0.18-0.21 Hz located by the beamforming method are comparable to the typhoon centers, demonstrating that this approach allows for locating and tracking typhoons with good accuracy.
Remote Sens. 2018, 10, 201 3 of 14 show that the microseisms could be considered as a good proxy for future monitoring and tracking of major storms over the oceans. This approach of seismic/acoustic remote sensing of ocean storms could be nearly real-time. Ocean waves induced by typhoons propagate in deep water at velocities c gλ 2π ⁄ , where g is the gravitational acceleration at the Earth's surface and λ is the wavelength determined by the Airy linear wave theory approximation as λ = gT 2π ⁄ , where T is the wave period. For example, the velocity c and wavelength λ of 10 s waves are about 16 m/s and 160 m, respectively. While seismic waves propagate in solid Earth at much greater velocities (~3.5 km/s for Rayleigh waves and ~6.5-11 km/s for p waves). Therefore, seismometers are expected to sense the microseisms nearly at the time of their generation, and reflect immediately the progress of a typhoon and the corresponding ocean wave field [13] . Furthermore, because of the continuity of the seismometer records, the results of this remote sensing approach could also be continuous in time domain.
In this paper, we investigated the p-wave DF microseisms generated by super typhoon Lupit (2009) over the western Pacific Ocean using frequency-domain beamforming of on-land seismological array data recorded in Northeastern (NE) China (Figure 1 ). The results indicate that the p-wave DF microseisms generated by nonlinear interactions of ocean waves under typhoons over the deep ocean could be observed by on-land seismometers, which were deployed thousands of kilometers distant from the track line of the typhoon. The source areas of the p-wave DF microseisms mainly in ~0.18-0.21 Hz located by the beamforming method are comparable to the typhoon centers, demonstrating that this approach allows for locating and tracking typhoons with good accuracy. The best-track data are from the Japan Meteorological Agency (http://www.jma.go.jp/jma/jma-eng/jma-center/rsmc-hp-pub-eg/trackarchives.html), and are indicated by color-coded round circles spaced in 6-h time intervals, with circle size proportional to wind speed. The seismic stations are represented by red and blue triangles, with the blue ones chosen randomly to display the recording waveforms, as shown in Figure 2 . 
Data
Every year nearly 1/3 of the tropical cyclones all over the world take place over the western Pacific Ocean, making it an ideal place to study tropical cyclones and related topics. This study analyzes the super typhoon Lupit formed on 14 October 2009 and dissipated on 26 October 2009 over the western Pacific Ocean, with category 5 on the Saffir-Simpson scale (Figure 1 ). According to the best-track data of the Regional Specialized Meteorological Center (RSMC, http://www.jma.go.jp/jma/jma-eng/jma-center/rsmc-hp-pub-eg/RSMC_HP.htm), the track of Lupit is widely distributed over the deep western Pacific Ocean, providing an ideal scenario for the study on the p-wave DF microseisms generated by the typhoon under different circumstances. Lupit strengthened into a Category 1 typhoon on 15 October over the open deep Philippine Sea and intensified into Super Typhoon classification with 10-min maximum sustained wind speed up to about 50 m/s and the lowest atmospheric pressure 925 hPa on 18 October. On 23 October, Lupit turned abruptly to the northeast after moving west toward Luzon Island continuously for several 
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In order to check if the microseisms generated by the typhoon over the western Pacific Ocean could be detected by single stations of NECESSArray, the temporal frequency spectrogram was applied. First, the original seismic waveform data was preprocessed with the following steps: (1) demeaning and detrending; (2) removal of instrument response; (3) resampling to one point per second; and (4) filtering with a band-pass filter of 0.05-0.45 Hz. Second, the temporal frequency spectrogram was calculated based on the preprocessed data using the Fourier transform with a moving time-window length of 2048 points shifted in steps of 1800 points (i.e., half an hour). For example, Figure 2 shows the waveforms and corresponding temporal frequency spectrograms during the time period of typhoon Lupit at five stations of NECESSArray, which were indicated with blue triangles in Figure 1 . The temporal frequency spectrograms detect effectively both the strong DF and some weak SF microseisms generated by Lupit, with little contamination from occasional transient events, such as earthquakes, instrumental irregularities and non-stationary noises, shown as short pulses in the spectra. The recorded microseisms at different stations showed similar temporal evolution pattern during the course of Lupit (Figure 2 ), and the high spatial coherency between the microseisms initiated the idea to investigate the microseism source with beamforming method [15, 35] .
The Moderate Resolution Imaging Spectroradiometer (MODIS) data are provided by the National Aeronautics and Space Administration (NASA, https://modis.gsfc.nasa.gov). MODIS is an imaging instrument aboard the Terra and Aqua satellites in NASA's Earth Observing System. It is able to image the same area at different times of the day and cover the entire Earth's surface every one or two days. The MODIS images during the lifespan of typhoon Lupit in all 36 spectral bands including visible, near-infrared, short-wave infrared and thermal infrared bands were obtained. According to the color and texture features of the true color MODIS images created from MODIS Level 1B image and geolocation data, the nephogram and the locations of the typhoon center were distinguished visually and next utilized to compare with the location results by the seismic remote sensing method in this paper.
Methods
Seismological array analysis can be used to determine directional information of seismic signals and locate the sources [35] . Since the teleseismic p-wave microseisms arrived at the array nearly vertically, the vertical component would record stronger p-wave microseismic signals than the horizontal components [1] and was thus used. In order to obtain high resolution in the frequency domain, frequency-domain beamforming method was applied in this study to locate the source areas of the p-wave DF microseisms generated by the typhoon and thus further to track the typhoon's movement. The approach is summarized as following [1, 26] :
First, the seismic data with 1 Hz sample frequency at each station is split into small segments of 10 min each. The occasional large-amplitude transient events such as earthquakes, instrumental irregularities, and non-stationary noises are removed by truncating the signal amplitude above one standard deviation for each small segment. The segments are then Fourier transformed into spectra, and the amplitude of each frequency is set to 1.0 to keep the phases only. This has similarities with Remote Sens. 2018, 10, 235 6 of 14 the time domain normalizing and frequency domain spectrum whitening [36] . This step of amplitude normalization would help remove undesirable signals induced by local site amplification effects and diminish the affection from local noises [14] . Then the cross-spectral density matrix (CSDM) C is constructed at frequency ω by
where F(ω) denotes a complex-valued vector from the Fourier transform of the seismograms at a station, † represents the Hermitian transpose operation, and the bracket refers to an ensemble averaging that is performed on successive 10-min windows; t refers to the time of the Fourier transform. The ith row and jth column of the CSDM C contains the phase delay between stations i and j at frequency ω. In time domain, the right-hand side of Equation (1) corresponds to the cross correlation between the two stations i and j. The beamforming can then be done using the matrix C(ω).
The object ocean region, which is expected to cover the source areas of the p-wave DF microseisms generated by typhoons, is gridded into m × n grids with spatial resolution of 0.1 • . Then the array steering vector to each grid (i.e., point source) over the object ocean region, normalized by the number of stations, is given by
where t lat,lon denotes the travel-time estimates from a grid point to array stations, using a global p-wave travel-time model [37] . The beamforming for each segment and each frequency ω is then given by
where P † denotes the conjugate transpose of the steering vector P.
Results and Discussions

Beamformer Output
The source regions of the p-wave DF microseisms generated by typhoon Lupit were successfully revealed and located via frequency-domain beamforming method with the continuous seismic records at the NECESSArray. For example, Figure 3 shows the source locations of the p-wave DF microseisms generated by Lupit on the dominant frequency band of 0.18-0.21 Hz (i.e., frequencies with the highest power) at different time points according to the beamformer outputs using the NECESSArray data. A complete animation is available in the electronic supplement.
Compared with the track of typhoon Lupit, which is indicated by solid circles spaced in 6-h time intervals with the white one representing the current location of typhoon center according to the best-track data of RSMC, the source region of the p-wave DF microseisms is mainly located behind the current typhoon center, as also observed by Zhang et al. [15] . The p-wave DF microseisms might be excited by the nonlinear interaction of the ocean waves propagating at nearly opposite directions with nearly the same periods, which were induced by Lupit at different times [19, 20] . The results indicate that the trace of the p-wave DF microseism source locations could be a good proxy for the tracking and monitoring of typhoons over the oceans.
Localization Deviation
However, there are still considerable localization deviations, which are measured by the distances between the localized p-wave DF microseism source regions corresponding with the peak amplitudes of the beamformer outputs and the typhoon center locations provided by the best-track data of RSMC. For example, the root-mean-square (RMS) error of the localization results for typhoon Lupit during 06:00 UTC, 19 October to 06:00 UTC, 25 October is about 124.2 km, which is comparable with the track forecast errors using numerical models [38] .
The identified p-wave DF microseism source locations are also compared with the locations of the typhoon center observed by satellites. Figure 4 shows the observed typhoon eyes during the movement of Lupit by MODIS-TERRA and MODIS-AQUA at 02:05 UTC, 19 October, 05:05 UTC, 21 October, 04:50 UTC, 23 October, and 02:25 UTC, 24 October. The cloud with high reflectance can be clearly seen on visible band, and the typhoon eyes can be identified using visual interpretation method and labeled with green triangles in the figure. We found that the localized p-wave DF microseism source locations, which are marked with red circles in Figure 4 , track the typhoon centers measured from MODIS imagery well. Furthermore, Table 1 shows the quantitative comparison between the locations of the typhoon center from satellite observation and the typhoon-generated p-wave DF microseism source locations, with mean localization deviation equal to~103.22 km.
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Causes of Localization Deviations
The localization deviations could arise due to several factors. Besides the intrinsic errors in the beamforming method caused by the heterogeneity of the solid Earth structure and errors due to the large spatial coverage (~300-400 km) of the typhoon center, the typhoon moving speed could be one of the main factors. For the sake of illustration, a typhoon moving northward in the Northern hemisphere was considered (Figure 5a,b) . The winds rotate counter-clockwise (CCW) around the typhoon eye, and the highest wind speeds occur in the NE quadrant near the radius-to-maximumwind, generating the strongest ocean waves propagating mainly in the NW direction [39, 40] . When the typhoon is moving slower than the ocean waves propagate, such dominant ocean waves induced at an earlier time t1 would propagate as young swells and interfere with the wind sea around the current typhoon center at a later time t2. The interactions between the forward and backward ocean waves, as a significant source of the DF microseisms, are mostly located closely behind the typhoon center (Figure 5a) . But when the typhoon is moving faster than the ocean waves propagate, the field 
The localization deviations could arise due to several factors. Besides the intrinsic errors in the beamforming method caused by the heterogeneity of the solid Earth structure and errors due to the large spatial coverage (~300-400 km) of the typhoon center, the typhoon moving speed could be one of the main factors. For the sake of illustration, a typhoon moving northward in the Northern hemisphere was considered (Figure 5a,b) . The winds rotate counter-clockwise (CCW) around the typhoon eye, and the highest wind speeds occur in the NE quadrant near the radius-to-maximum-wind, generating the strongest ocean waves propagating mainly in the NW direction [39, 40] . When the typhoon is moving slower than the ocean waves propagate, such dominant ocean waves induced at an earlier time t1 would propagate as young swells and interfere with the wind sea around the current Remote Sens. 2018, 10, 235 9 of 14 typhoon center at a later time t2. The interactions between the forward and backward ocean waves, as a significant source of the DF microseisms, are mostly located closely behind the typhoon center (Figure 5a ). But when the typhoon is moving faster than the ocean waves propagate, the field of such wave-wave interaction would be located more distant behind the typhoon center as shown in Figure 5b . For example, the localized p-wave DF microseism source regions during 06:00 UTC, 21 October to 00:00 UTC, 22 October were relatively more distant behind the typhoon center due to faster speed of the typhoon movement (Figure 3a-d) , compared with those during 06:00 UTC, 22 October to 06:00 UTC, 23 October (Figure 3e-i) . Figure 6a shows a further quantitative analysis of the relationship between the localization deviations and the typhoon moving speed (calculated from the best-track locations at each 6-h time interval) during its life span. The correlation coefficient between the localization deviations and the typhoon moving speed was about 0.79 after 06:00 UTC, 19 October, suggesting that the localization deviation is typhoon moving speed-dependent.
The detection of the p-wave DF microseisms also depends on the array response function (ARF), which is controlled by the deployment of the array, including the aperture, configuration and interstation spacing. Although the beamforming method here is based on travel time difference, the desired signals are mostly teleseismic p waves, which would transverse the array with high incident angles. Therefore the plane wave ARF of the NECESSArray as following is applied as an approximation:
where k is the wave number vector, k 0 is the reference wave number vector, and r n the positions of the stations, is shown in Figure 7 . The ARF of NECESSArray has a unique main lobe, which is relatively larger in the N-S direction than in the E-W direction. That is because the deployment of the NECESSArray stations was mainly oriented in an approximate E-W direction ( Figure 1) . As a result, the localization resolution of the p-wave DF microseism source regions in the N-S direction was relatively poorer than in the E-W direction, as shown in Figure 3 [35, 41] . Here we define the localization resolution with the major axis length of the located source regions corresponding with top 10%, 15% or 20% strongest amplitudes of the beamformer outputs (Figure 6b ). When Lupit was moving mainly northward before 06:00 UTC, 19 October, the poor localization resolution in the N-S direction could probably lead to inaccurate localization results, and thus a weak correlation between the localization deviations and the typhoon moving speed at that time (Figure 6a ). The localization deviations might also depend on the directions of the typhoon movement. When a typhoon turns, the ocean wave-wave interactions for the generation of DF microseisms can occur beyond the typhoon track (Figure 5c ). For example, Figure 8 shows the located source regions of the p-wave DF microseisms generated by Lupit at 18:00 UTC, 24 October and 00:00 UTC, 25 October. The identified source regions were formed by the nonlinear interaction between the ocean waves, which were probably generated before and after the abrupt change of the Lupit course at 00:00 UTC, 23 October, respectively. Therefore, the source regions were mainly located between the two corresponding segments of the Lupit course before and after the abrupt change of the course, rather than along the track, as shown in Figure 8 .
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Conclusions
The p-wave DF microseisms generated by typhoon Lupit over the western Pacific Ocean were observed by the seismological array NECESSArray deployed in NE China. Frequency-domain beamforming method has been applied to locate the source regions of the p-wave DF microseisms. The located source regions of the p-wave DF microseisms in the frequency band of ~0.18-0.21 Hz were basically comparable to the typhoon centers with RMS error around ~120 km, likely associated with the strongest nonlinear interactions of ocean waves near the typhoon center. The p-wave DF microseisms generated in coastal source regions were also observed in the beamformer outputs, but with a relatively lower dominant frequency band of ~0.14-0.16 Hz. These observations show that although the localization deviations may depend on both the speed and directions of typhoon movement, the p-wave DF microseisms generated near typhoon centers could be used as a proxy to locate and track typhoons over oceans from underwater in a near-real-time and continuous manner.
Supplementary Materials:
The following are available online at www.mdpi.com/link, Video S1: Lupit_Bodywave.Freq_0.18_0.21Hz.avi, Video S2: Lupit_Bodywave.Freq_0.14_0.16Hz.avi. 
Conclusions
The p-wave DF microseisms generated by typhoon Lupit over the western Pacific Ocean were observed by the seismological array NECESSArray deployed in NE China. Frequency-domain beamforming method has been applied to locate the source regions of the p-wave DF microseisms. The located source regions of the p-wave DF microseisms in the frequency band of~0.18-0.21 Hz were basically comparable to the typhoon centers with RMS error around~120 km, likely associated with the strongest nonlinear interactions of ocean waves near the typhoon center. The p-wave DF microseisms generated in coastal source regions were also observed in the beamformer outputs, but with a relatively lower dominant frequency band of~0.14-0.16 Hz. These observations show that although the localization deviations may depend on both the speed and directions of typhoon movement, the p-wave DF microseisms generated near typhoon centers could be used as a proxy to locate and track typhoons over oceans from underwater in a near-real-time and continuous manner.
Supplementary Materials:
The following are available online at http://www.mdpi.com/2072-4292/10/2/235/s1, Video S1: Lupit_Bodywave.Freq_0.18_0.21Hz.avi, Video S2: Lupit_Bodywave.Freq_0.14_0.16Hz.avi.
